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FOREWORD

The Clean Air Act of 1963 gave the Department of
Health, Education, and Welfare authority to publish air
quality criteria as guides for municipal, State, and
interstate air pollution control authorities.

These criteria establish the levels of concentration
at which individual pollutants begin to harm our health
and foul our environment. They set the levels we must
2im for in our drive for clean, breathable air.

This volume covers air quality criteria for sulfur
oxides. It is the first in a series to be issued by the
Department as guideposts for action on the major pollutants
in our Nation's atmosphere.
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PREFACE

The air that we breathe, particularly the air that we
breathe in our cities, contains not only nitrogen, oxygen, and
carbon dioxide, but a host of other gases and particles, some
of which are of natural origin but most of which are wastes from
our civilization. The quantities of these other gases and par-
ticles relative to the quantities of nitrogen, oxygen, and carbon
dioxide are minor, but their effects on human bealth and welfare
may be considerable.

Most gases and particles that pollute the atmosphere are
emitted directly from man's activities. Some of these may react
with each other or with oxygen or water in the air to form new
substances. Some of the newly formed substances may react further
to form additional substances, and the extent of all these atmos-
pheric reactions is affected by temperature, relative humidity,
sunlight, and the concentrations of the substances. The air, then,
at any one time and any one place may very well have unique char-
acteristics. Present technology is not available for anyone to
define air quality in all its ramifications, although certain of
its characteristics have been found to have a recognizable rela-
tionship with effects.

The widespread and growing evidence of the adverse effects

of air peollution deéands that protective controls be applied now,
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based on the latest scientific knowledge of the predictable effects
of various pellutants in the atmosphere.
Air quality criteria, expressed in terms of pollutant con-

centration and duration of exposure, describe relationships be-

tween air pollutants and effects on health and welfare. Such

criteria summarize what is known about the effects of pollutants

in the atmosphere to provide a realistic base for selecting air

quality standards. To achieve or maintain the selected air

quality standards, limitations must be placed on the quantities
of pollutants that can be emitted. 1In determining such pollu-
tant emission limitations, to be regulated under law, several
additional factors should be considered: existing air quality,
and the technical feasibility, relative costs, and time scheduling
of the pollution abatement measures.

This document presents criteria of air quality in terms of
the effectg empirically obtained and published for various conp-
centrations of one family of pollutantg,

the sulfur oxides, theiy

acids and acid salts,

fossil fuels, coal and o0il, for power and heat, results in thege

iv




R ———————————

compounds being among the most commmonly occurring §£-the atmo-~
spheric pollutants in the United States.

Air polluted with these compounds can produce a variety of
effects. Humans vary in their reactioms, but such pellution
above certain levels unquestionably has adverse effects on the
resplratory system and general health. These effects have been
particularly evident in several air pollution disasters. High
ievels can reduce the visual range and prolong fogs. Low levels
tasting for long periods can damage materials. When threshold
levels are exceeded, vegetation will suffer varying degrees of
acute injury depending on poliutant concentration and duration
of exposure. Vegetation may also suffer chronic injury from
prolonged exposure Lo concentrations below the threshold for
acute injury. The contribution, then, of the sulfur oxides to
the effects of many polluted atmospheres is a significant one,
and any definition of air quality must include criteria which
relate to the effects associated with these oxides.

Although the criteria presented here index the effects of
the oxides of sulfur, these effects do not necessarily, nor in
fact actually, derive solely from the presence of gulfur oxides
in the atmosphere. They are for the most part the effects observed
when various concentrations of sulfur oxides, along with other
pollutants have been present in the atmosphere. Becauseé of the
interactions betéeen pollutants and the reactions of pollutants

with oxygen and with water in the atmosphere, and because of the




influence of sunlight and temperature on these reactions, the
effects of one atmosphere polluted with oxides of sulfur may be
quite different from the effects of another atmosphere similarly
polluted with oxides of sulfur.

The criteria presented here, then, are not exact expressions
of cause and effect that have been replicated from laboratory to
laboratory. Instead, the criteria are useful statements of the
effects of the sulfur oxides in the atmosphere derived from a
careful evaluation of what has so far been repeorted. As more
studies of these effects expand our knowledge, the criteria will
be modified accordingly.

The use of these criteria by State and local governments may
vary with individuzl judgment and with local circumstance. In the
Federal Clean Air Acts the American people have expressed through
their representatives a strong desire for clean air. Guidelines
for the choice of criteria are that the guality of the air be
good enocugh that;

1. the health of even sensitive or susceptible segments of
the population would not be adversely affected;

2. concentrations of pollutants would not cause annoyance,
such as the sensation of unpleasant tastes or odors,;

3. damage to animals, ornamental plants, forests and agri-
cultural crops would not occur;

4. wvisibility would not be significantly reduced;

5. metals would not be corroded and other materials would
not be damaged;
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6. fabriecs would not be soiled, deteriorated, or their
colors affected;

7. mnatural scenery would not be obscured.

The public has spoken for clean air. The criteria presented
here offer guidelines for the abatement of air pollution involving
sulfur oxides.

I am pleased to acknowledge that these criteria are the result
of the pioneering effort carried out under the able leadership of
Vernon G. MacKenzie, Deputy Director, Bureau of Disease FPrevention
and Environmental Control during his tenure as Chief, Division of

Air Pollution.

A T il

o/ Fohn T Middleton
Director
Center for Air Pollution Control
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SUMMARY

Physical and Chemical Properties of the Oxides of Sulfur

Sulfur dioxide and sulfur trioxide are easily formed during
the combustion of sulfur in fossil fuels. About 25 to 30 parts of
sulfur dioxide to each part of sulfur trioxide are formed. The
other sulfur oxides are either difficult to form or are unstable
so that they are not significant air pollutants. Sulfur dioxide
is a relatively stable, nmon-flammable, non-explosive colorless
gas that most people can detect at concentrations from 0.3
to 1 ppm in air. Sulfur dioxide can act as either a reducing
agent or as an oxidizing agent, and it can react with materials
in the air to form sulfur trioxide, sulfuric acid, and sulfate
salts. Tt is highly soluble in water with which it reacts to
form sulfurous acid. Sulfur trioxide reacts very rapidly with
water to form sulfuric acid, its normal form in the atmosphere.

Atmospheric Reactions of Sulfur Oxides

Sulfur dioxide is oxidized in the atmosphere by either
photochemical or catalytic activation. 1In laboratory studies
sulfur dioxide alone in air is oxidized siowly by sunlight
(0.1 to 0.2 percent conversion per hour), but if hydrocarbons
and oxides of nitrogen are also present in the mixture, photo-
chemical oxidation of sulfur dioxide proceeds at a faster rate.
Sulfur dioxide in fog droplets containing iron or manganese

salts may be oxidized at the rate of about 1 percent per minute.

. In field investigations, rates from 0.1 to 2 percent per minute
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have been observed in the plume of a coal-fired power plant; -
and an apparent rate of 2.0 percent per hour was calculated in
the open atmosphere. Weight ratios of sulfur dioxide to sul-
furic acid in ambient air generally are in the range of 0,05
to .20, with the larger ratios being associated with higher
relative humidities.

Sources of Oxides of Sulfuy in the Atmosphere

Of 23,360,000 tons of sulfur dioxide emitted to the air
over the United States in 1963, 60 percent was from coal burning,
and about two-thirds of that was emitted as a result of burning
coal for power generation. Of the remaining 40 percent of the
23,360,000 tons, 15.8 percent was from combustion of residual
oils, 4.9 percent from combustion of other petroleum products,
6.8 percent from refinery operations, 7.4 percent from smelting
of ores, and the remainder from coke processing (2.0%), sulfuric
acid manufacture (1,9%), coal refuse banks (0.8%), and refuse
incineration (0.4%).

Measures of Oxides of Sulfur in the Atmosphere

Sulfur dioxide is most commonly measured by the West-Gaeke
or hydrogen peroxide technique or by erlectroconductivity. The
West-Gaeke technique underestimates the true concentration of
sulfur dioxide in the presence of ozone or nitrogen dioxide or
salts of heavy metals. Some of these interferences may be re-
medied in newer modifications of the technique., The hydrogen

peroxide technique may give either high or low values depending
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on whether there is an.excess of basic or acidic gases or parti-
culates other than sulfur dioxide present in the air. Usually
the values obtained by this method are intermediate hetween

those obtained by the West-Gaeke and electroconductivity tech-
niques. Electroconductivity methods may give values 1 to 5

times higher than, but usually less than twice as high as, those
obtained by the West-Gaeke technique because with electroconduc-
tivity methods other soluble gases yield electrolytes in solution
and these electrolytes cause high measurements. Sometimes,
however, alkaline gases, such as ammonia, which neutralize the
acid, are present to the extent that values below those yvielded
the West-Gaeke technique result. This discussion of measurement
errors should not be construed to mean that the measurements

do not have value but rather that factors which cause interference
should be considered in selecting a measurement method.

Several methods of measuring sulfuric acid mist have been
devised. The most extensively used method 1s an automatic method
that makes use of a high-velocity impactor and electroconductivity.

Other indices of sulfur oxides pollution are sulfate content
of either suspended particulate matter or settled dustfall and
the lead peroxide candle index of sulfur dioxide activity. There
is not a common relationship between lead peroxide candle measure-
ments and other measurements of sulfur dioxide concentrations;
however, these measurements have value because they can show the

presence of very low concentrations over a period of time.
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Concentratlons and Variations of=0xidés ofﬂSulfufiiﬂnﬁhe-

Although the indicated concentrations of sulfur dioxide vary
somewhat with the measurement method, the data of beth the National
Air Sampling Network (West-Gaeke measurement in approximately 350
locations) and the Continuous Air Monitoring Program (electroconduc—
tivity measurement in 6 large cities) indicate that the average
annual sulfur dioxide concentrations in cities of the United
States range from near zero to as high as 0,16 ppm. Geographi-
cally, the concentrations are higher in the northeastern quarter of
the United States, with maximum diurnal concentrations usually oc-
curring around 8 o'clock in the morning. Maximum daily average
concentrations during a year are approximately 4 times the annual
average. Concentrations over a year are approximately log-normally
distributed, regardless of averaging time, with 1 percent of the
averages exceeding a concentration of approximately 3 times the
annual average and 1 percent of the hourly averages exceeding a
concentration of about 4.6 times the annual average; 0,1 percent
of the hourly averapes exceed a concentration that is approximately
7 times the annual average.

Concentrations around large point sources are more variable;
at a given point they are usually less than the minimum detectable
level, but momentary peaks exceed 1 ppm. Maximum daily averages
may exceed 20 t}mes the annual average, and several times a year,
concentrations of from 30 to 160 rimes the annual average may

last from a few minutes to an hour or more.
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Sulfuric acid mist concentrations up to 50 ug/m3 averaged
over 30 minutes have been observed in Los Angeles. In Chicago,
during the months of November and December 1964, for the hours
10 a.m. to 4 p.m. an average of 9.2 ug/m3 was observed.

The national average concentration of suspended sulfates
for the years 1957 to 1960 was 11.8 ug/m3. Sulfates may consti-
tute a sizeable proportion of the total dustfall; percentages
of 10.8 to 32 percent have been reported.

Effects of Air Polluted with Sulfur Oxides on Visual Range

Although direct measurements are not available, the likely
effect of sulfuric acid and sulfate salts on visual range can be
estimated from existing data on particle size distribution, re-
fractive indices, and concentrations. Because of changes in
particle size, at a given concentration of sulfuric acid mist or
sulfate salts, visual range is affected more and more as relative
humidity increases. If only sulfuric acid mist were involved,
at 50 percent rvelative humidity the estimated visual range would
be about 100 miles at a concentration of 10 pg/m3 but only about
1 mile at a concentration of 1,000 ug/m3; at 98 percent relative
humidity, the estimated visual ranges at the same concentrations
would be respectively 10 and 0,10 mile. With a normally associated
amount of sulfuric acid mist and other particulate matter present,
the estimated visual ranges at 50 percent relative humidity would
be about 50 and 0.5 mile at measured sulfur dioxide concentrations

0.01 and 1 ppm respectively; at 98 percent relative humidity the

xvi




estimated visual ranges at the same concentrations would rbe.about
15 and 0.2 miles respectively.

Effects of Ajir Polluted with Sulfur Oxides on Acidity of Rainwater

and Particulate Matter

Data collected in two United States cities indicate that an
increase of 12 ug/m3 of sulfate in the suspended particulate
matter decreases the pH reading of solutions of the particulate
matter by an amount between 0.5 and 1. Mesasurements of the acidity
of rainfall have been reported in England, but not in the United
States.

Effects of Air Polluted with Sulfur Oxides on Materials

Atmospheres polluted with sulfur dicxide and its associated
acidity have been found to be among the most corrosive to metals
of all atmospheres studied, even more corrosive than some marine
atmospheres. Although considerable corrosion occurs at annual
average sulfur dioxide concentrations below 0.05 ppm, its prac-
tical significance has not been given adequate attention. Examples
of the effects of corrogion include a one-third reduction in the
life of overhead line hardware and more than two-thirds reduction
in the life of zinc and aluminum facings used in Pittsburgh be-
tween the years 1920 and 1940; the necessary use of more expensive,
less corrodible metals in some electrical contacts; and one-third
of the annual damage to steel rails in England. Air polluted with

oxides of sulfur also damages portland cement, various stomes,
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Effects of Sulfur Dioxide on Ve etation
__ﬂ_ﬂ______”__ﬂm_“__,____E_ 10

ioxide can cause either acute OFr chronic injury to

Sulfur d

vegetation. The limiting concentration that can be tolerated in

the cells is about the same for many diverse speciles. When this

concentration 1is exceeded, the cells die, leaving a characteristic

pattern of interveinal and marginal acute injury. Plants with

gucculent leaves, such as alfalfa, grains, squash, cotton, grapes,

and endive, are most sensitive, whereas those with a heavy waxy

or cutinized epidermis, such as citrus, pine, and privet, are least
sensitive. Under conditions of maximum susceptibility (high

light intensity, high relative humidity, adequate moisture supply,

and moderate temperature) alfalfa and equally sensitive plants

can be injured by exposure to 0.28 ppm averaged over 24 hours,

or to 0.48 ppm for 4 hours, or by any combination of exposure time

() and concentration (c¢) in which: (c-0.24)}t = (.94,

Chronic injury is characterized by a slow oxidation of sul~-
fite to sulfate in the cells. Sulfate toxicity is a form of chro-
nic injury manifested on the leaf by white or brownish-red turgid
areas that result from rupture of some of the cells. Abscission

of leaves often occurs at or before this stage.
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Few studies have indicated tha

gulfur dioxide is insufficient tb.;éﬁé Aﬁigigléeié;%;ihiﬁffﬁ_,”*
however, an exposure of alfalfa to 0.16 §pﬁ for QSIdafs.eé;;ed

gome abscission of older leaves, and the growith of rye grass was
definitely retarded in ambient air containing daily averages of.

sulfur dioxide from 0.05 to 0.20 ppm.

Effecte of Sulfuric Acid Mist on Vegetation

Sulfuric acid droplets can settle on dry leaves without
causing injury, but when the leaf surface is wet, a spotted
injury develops. This type of injury has been reported in the
Los Angeles area during periods of heavy air pollution acocompanied
by fog. Swiss chard and beets were reported to be most typically
injured; alfalfa develops a spotted injury; and spinach, which
{s more uniformly wet by the fog, shows a diffuse type of injury.

Acute Toxicity to Animals of Excesgsively High Exposures

In 8 to l6-hour exposures, around 1,000 ppm of sulfur dioxide
is required to kill mice, rats, rabbits, and guinea pigs. In a
sulfuric acid mist several hundred milligrams of sulfuric acid
per cubic meter of mist is required to kill mice, rabbits, and
rats, but as little as 18 mg/m3 may kill guinea pigs.

Basic Studies with Sulfur Dioxide

Detached single cells in tissue cultures were killed by 8-
hour exposures to 5 ppm gulfur dioxide om 2 consecutive days.
Although ciliary movement in isolated trachea ceased afrer 25

minutes of exposure to 7 ppm; it was usually not affected by single
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exposures of live animals (rats) to 100 ppm or less, and the effect
of sulfur dioxide was not enhanced by simultaneously inhaled car-
bon particles. After exposure of rats to approximately 10 ppm for
18 or 57 days, ciliary movement was diminished, the mucous blanket
was thickened and tenacious, and epithelial crypts were demonstrate
in the trachea. No pathological changes were observed in other
rats after exposure t§ 40 ppm for 5 hours a day, 5 days a week,

but exposure to 300 to 400 ppm for up to 3 months resulted in in-
creased amounts of mucus and goblet cells and the appearance of
positive bacterial cultures. It has been reported that in animals
breathing 700 ppm only 5 percent of the sulfur dioxide reaches the
bronchi whereas at 0.05 ppm 60 percent of the sulfur dioxide reache:
bronchi. The percent retention by animals has been shown to de-
crease with time of exposure and to increase with decreasing con-
centrations. In humans breathing 16 ppm, only 2 percent of the
sulfur dioxide reached the pharynx; however, 84 percent of the
sulfur dioxide was retained. 1Inhaled sulfur dioxide is distributed
to all.parts of the body. Sulfur dioxide appears to produce in-
creased airway resistance via nerve pathways that stimulate
receptors to produce reflex bronchoconstriction.

Effects on Lung Function of Brief Exposures of Animals to Sulfur

Oxides
Increases in airway resistance are detectable in dogs exposed

to sulfur dioxide concentrations of 1 ppm or more and in guinea
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pigs exposed tc 2 ppm or more.-";n'g?ineafpig$ 20=t0 200 «times

as much sulfur dioxide (weight per volume of air) as sulfuric

acid mist or sulfate salts is required to produce a 50 percent
increase in airway resistance. Small-sized particulates more
effectively increase airway resistance than large ones in the

range 0.04 to 7u. Simultaneously inhaled particles that do not
themselves affect alrway resistance do, however, enhance the effects
of sulfur dioxide, and when sulfur dioxide is inhaled with particles
that do increase airway resistance, the increase in alrway regis-
tance is greater than the sum of affects of the particles and gas by
themselves. Increased alrway resistance caused by exposure to
irritant particles or to sulfur dioxide in combination with particles
persists for much longer periods after discontinuation of exposure
than increased resistance caused by sulfur dioxide alone.

Effects of Prolonged Exposures of Animals to Oxides of Sulfur

Information on prolenged exposure of animals to oxides of
sulfur is relatively scarce. Rats exposed to 0.16 ppm sulfur di-
oxide 4 hours per day for 114 days showed reduced activity of
dehydrogenase and cholinesterase and reduced vitamin C content
in the intestines, kidneys, and liver. Rats exposed to 0,03
ppm sulfur dioxide 5 hours per day for 166 days showed a reversible
reduction in carbonic anhydrase. The lifespan of rats exposed over
their lifetime to 1, 2, 4, 8, 16, and 32 ppm of sulfur dioxide was

significantly reduced at all concentrations., Rabbits exposed to
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in the parenchyma of various organs, increased permeability
changes in p

lar walls decreased activity of free sulfhydryl groups,
of wvascula R

d. in combination with 169 to 320 ppm of carbon monoxide,
and,

decreased succlnic dehydrogenase activity.

Guinea pigs exposed to 1 ppm or more of sulfuric acid in a
ui

mist developed pathological changes in the respiratory tract

after a few days. These changes included edema, inter-alveolar

wall thickening, interstitual proliferative processes, aund
lymphoid cell infiltration of blood vessels and beonchi. At 0.5
mg/m3, sulfuric acid caused slight lung irritation, but when the
exposure atmosphare also contained 0.3 ppm of sulfur dioxide, the
pathology was similar to that with higher concentrations of sul-
furic acid in a mist.

Prolonged Exposures of Animals to Mixtures Containing Oxides of

Sulfur

Exposures of animals to sulfur dioxide, sulfuric acid, and
combinations of the two indicate that the effects are additive.

After an 80-day exposure of animals to smoke from anthracite,
coke, and bituminous coal (sulfur dioxide concentrations were
respectively 1.91, $.12, and 7.51 ppm and particle counts were
respectively 3.12 x 108/m3, 3.7 x 108/m3, and 4.41 x 109/m3), red
and white blood cell counts and percent hemoglobin were increased.

The increases Weére greatest in animals exposed to bituminous coal

xxii




smoke, and these animals' also' showe

proliferation of the bronéhiai epi;ﬁelium,.éndfmafkédwpéri.
bronchial lywphoid hyperplasia. No signifiéaﬂt pathology;ééé
observed in lungs of rats exposed to anthracite or coke smoke.
Exposure to bituminous coal smoke containing concentrations of
from 0.7 to 1.6 ppm sulfur dioxide and from 8.2 to 262 mg/m3 of
particulate matter did not increase infection from Pneumococcus
innoculation but did increase the indidence of areas of normally

occurring mucus, pus, and caseous material in the lungs of rats.

Industrial Exposures of Humans to Sulfur Oxides

In reported industrial exposures to 10 to 50 ppm sulfur
dioxide, no effects were noted in some cases whereas in others
there was evidence of deep lung damage, including fibrosis and
emphysema. The studies indicate that less serious effects are
produced in low humidity atmospheres polluted primarily by sulfur
dioxide and that effects increase in seriousness as the atmos-
pheres become more contaminated with other pollutants, such as
particulates and sulfuric acid. The more frequent findings include:
abnormal urinary acidity; a tendency to increased fatigue; dyspnea;
reduced expiratory flow rates; upper respiratory irritations with
consequent alteration in the sense of small and taste; nasopharyngitis
and bronchitis; increased incidence of cough and expectoration;
and increased incidences and increased durations of certain respi-

ratory diseases from infections, including colds and pneumonia.
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g of Humans to gulfur Oxides

Experimental Exposure

“Inhalation of sulfur dioxide in concentrations of 1 ppm Or

more may lncrease regpiration and pulse rates. The lowest concen-

tration that can induce bronchoconstriction in healthy subjects

appears to be between 1 and Z ppm, and at a given concentration

the effect may be enhanced by the simultaneous inhalation of any

of several kinds of particulate matter. Occasionally an indi-

vidual is found who develops bronchospasm upon exposure to sulfur
dioxide, and some persons who have been frequently exposed have
developed a sulfur dioxide sensitivity.

Shallower and more rapid breathing was obgerved in subjects
inhaling a 350 ug/m3 concentration of sulfuric acid mist. In
another experiment with s wide range of concentrations of
sulfuric acid mists and various exposure times, but with all
concentrationg at or above 1 mg/mS, increased airway resistance
was reported., It was also demonstrated that wet mists of lower
normality (4R) and larger particle size (1.54p) were more irri-

tating than dry mists of higher normality {108) and smaller

particle size (0.9%u).

Studies of Sensory Threshold Concentrations

The odor threghold for sensitive persons has been reported
to be 0.5 to 0.7 ppm sulfur dioxide; the taste threshold is usually

considered to be 0.3 to 1 ppm. The odor threshold for sulfurie

acid has been reported to be in the range 0.6 to 0.85 mg/m3.
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Sensitivity of the dark—adaptedweertOc1ightﬂisﬁincreaséd by
sulfur dioxide concentrations in the range of 0.32-to 0.6 ppm. A
negligible increase in light sensitivity early in the exposure
period, but not later, was observed with a 0.6 mg/m3 concentration
of sulfuric acid in a2 mist; in the range of 0.7 to 9.6 mg/m3 the
increase was well defined. A combination of (.22 ppm sulfur
dioxide with a 0.3 mg/m3 concentration of sulfuric acid mist did
not increase light sensitivity, but the combination of I ppm sul-
fur dioxide with a 0.7 mg/m3 concentration of acid resulted in a
light sensitivity increase equal to or greater than the sum of
the increases produced by these concentrations of the substances
individually.

During 20-second exposures to 0.3 to 1.2 ppm of sulfur dioxide
a transient desyachronization of the -wave in the electroencephalo-
gram occurred; greater concentrations caused desynchronization of
the q-wave throughout the exposure. Exposure to sulfuric acid
mist at consentrations less than 0.6 mg/m3 did not cause @-rhythm
desynchronization but greater concentrations did. Electrocortical
conditioned reflexes developed from exposures to: (1) a 0.4 mg/m3
concentration of sulfur dioxide; (2) a 0.4 mg/m3 concentration of
sulfuric acid mist; (3) the combination of 0.17 ppm sulfur dioxide
with 0.15 mg/m3 of sulfuric acid; and (4) 0.08 ppm sulfur dioxide

with 0.30 mg/m3 of sulfuric acid.

4
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=f:Optical chronaxy was increased by C.5 ppm sulfur dioxide
or by 750 ug/m3 of sulfuric acid mist or the combination of

3 . . .
0.3 ppm sulfur dioxide with 600 ug/m of sulfuric acid mist.

Clinical-Epidemiological Studies on Humans in Community Atmospheres

Several attempts to find clinically measurable differences in
the health of individuals exposed to varying degrees of air pollu-
tion have not been successful. However, it has been found that
the health of bronchitis patients detericrates when sulfur dioxide
concentrations rise above 0.21 ppm and smoke concentrations at
the same time rise above 300 ug/m3 It has also been found that
signs and symptoms of irritation of the respiratory tract, such
as cough, increased mucous secretion, nasal catarrh, and wheezing,
are related to pollution by the sulfur oxides. Although quanti-
tative differences of respiratory function associated with air
pellution have been small and of doubtful significance in some
cases, in several independent studies either Wright peak flow
rates have been lower or airway resistance higher in persons
living in areas with high sulfur dioxide concentrations.

Epidemiologic Studies of Morbidity within Cities

In London, the correlation coefficients of daily variation
in either smoke or sulfur dioxide are about 0.3 with daily varia-
tion in hospital admissions for respiration morbidity and about
0.2 with daily variations in admissions for cardiac diseases.
Correlation coefficients of similar magnitude have been reported

between sulfur dioxide concentrations angd daily admissions to
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hospitals in Los Angeles for treatment_oﬁﬁtﬁ?éiqresbirgﬁc fﬁ&;sra
eases,

Bronchitis attack rates may be quadrupled during periods of
intense air poilution when sulfur dioxide concentrations average
from 0.5 to 1 ppm for 3 or 4 days.

When morbidity rates are compared between areas of the same
city with different concentrations of sulfur dioxide, the rates
of respiratery and cardiovascular illnesses are usually higher
in the wore polluted areas,

Epidemiologic Studies of Morbidity between Cities

In only two studies have morbidity rates in different cities
and the corresponding air pollution concentraticns been compared.
Tn one of these a correlation was found between an indirect index
of air pollution (percent of days with visibility less than 100
yards at 9:00 a.m.} and man-years iost as a result of breonchitis
deaths of postmen while in service or their early retirement be-
cause of bronchitis. In the other study a high correlation co-
efficient was found between the average concentration of suspended
sulfate in the air of five cities and the rate of respiratory ill-
nesses lasting more than 7 days in female employees in these
same cities.

Epidemiologic Studies of Morbidity Associated with AT Pollution

Episodes .

Acute illnesses of epidemic magnitude develop when Z4-hour-

average sulfur dioxide concentrations are approximately 0.5 ppm
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with -peak hourly averages of 0.75 ppm or more, and when at the s:¢
time suspended particulate matter concentrations are 1,000 ug/m3
or higher, or Cohs values sre 8 or more. Increased hospitaliza-
tion and out-patient clinic visits during these periods are pri-
marily attributed to cardiorespiratory illnesses. In severe
episodes accompanied by fog, nausea and vomiting occur in additic
to the usual symptoms of respiratory irritation. Secondary com-
plications frequently develop in individuals of all age groups,
but the elderly individuals and the individuals with pre-existing
cardiorespiratory disease are especially susceptible. From one
study it was determined 10 years zfter the episade that individua
who became i1l during the ocutbreak subsequentiy had a less favor-
able morbidity and mortality experience than those who were not «
affected.

Epidemiclogic Studies of Mortality within Cities

Although it is difficult to isolate the relative importance
of each, increases in deaths in London, from "all causes" and fro
bronchitis occur within 24 hours after daily average sulfur dioxi
concentrations reach about 0.25 ppm and black suspended matter
concentrations rise above 750 ug/mg. Death rates from bronchitis
and from "total respiratory diseases’ have also been found to be
higher in the more polluted areas of Salford, England, and Nashvi
Tennessee, respectively, than in the less polluted areas of these

cities. In Salford, the average annual sulfur dioxide concentrat
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in the areas being compared were 0.15 and 0.08ib$ﬁ}_i fNashville
they were 0.027 and $.013 ppm (interpreted from leaa peroxide

candle measurements).

Epidemiologic Studies of Deaths Among Cities

Such studies have only been made in England where it has been
found that bronchitis death rates relate strongly to indices of
air pollution from domestic coal consumption, lead peroxide candle
measurements, and pH of the precipitation. Pneumonia death rates
were found to increase from 40 to 60 per 100,000 as sulfate in
the dustfall increased from 1.4 to 7 tons/miz/mo.

Epidemiologic Studies of Deaths During Air Pollution Episodes

During a &4-~day perieod in London, when sulfur dioxide ccncen~
trations averaged 0.57 ppm and the smoke concentration 1.41 mg/mB,
4,060 excess deaths occurred. Such epigodes, though of smaller
magnitude, have occurred in Donora, Pennsylvania, New York City,
and Detroit, Michigan. Such data indicate that episodes occur
in United States cities with annual average sulfur dioxide concen-
trations of 0.05 ppm or more when peak instantanecus concentrations
reach 1 ppm or E/Z-hour average concentrations reach 0.8 ppm
during stagnation perioeds lasting 3 or more days.

SUMMARY TABLES

The effects of sulfur dioxide and associated pollutants om
man and animals, vegetation, and materials, and the effects of
sulfuric acid mist and associated pollutants are summarized in

tables I thru IV on the succeeding pages.
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